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ABSTRAC T
Objective(s): Normoxic MAGIC-f polymer gels are established dosimeters used for three dimensional 
dose quantifications in radiotherapy.  Nanoparticles with high atomic number such as gold are novel 
radiosensitizers used to enhance doses delivered to tumors. The aim of this study was to investigate the effect 
of gold nanoparticles (GNPs) in enhancing percentage depth doses (PDDs) within the MAGIC-f gel exposed 
to linear accelerator (linac) high energy photon beams. 
Materials and Methods: The MAGIC-f gel was fabricated based on its standard composition with some 
modifications. The PDDs in tubes containing the gel were calculated by using a common Monte Carlo code 
(Geant4) followed by experimental verifications. Then, GNPs with an average diameter of 15 nm and a 
concentration of 0.1 mM were embedded in the gel, poured into falcon tubes and irradiated with 18 MeV 
beams of an Elekta linac. Finally, similar experimental and Monte Carlo (MC) calculations were made to 
determine the effect of using GNPs on some dosimetric parameters of interest.
Results: The results of experimental measurements and simulated MC calculations showed a dose 
enhancement factor (DEF) of 1.12±0.08 and 1.13±0.04, respectively due to the use of GNPs when exposed 
to 18 MeV linac energies.
Conclusion: The results indicated that the fabricated MAGIC-f gel could be recommended as a suitable tool 
for three dimensional dosimetric investigations at high energy radiotherapy procedures wherein GNPs are 
used. 
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INTRODUCTION
Nanotechnology is able to improve cellular 

targeting and enhance the radiosensitization of 
cancers. Nanoparticles are 100 to 10000 times 
smaller than human cells, ranging in size from 10 
to 200 nm [1]. Nanoparticles smaller than 50 nm 
could pass through cell membranes and in the 
case of smaller than 20 nm they could even pass 
through blood vessels endothelium [2]. By using 
different surface modifications, nanoparticles 
could be used as targeted delivery vehicles to 
carry chemotherapeutic agents or radiosensitizers 
to malignant cells [3]. 

Recently, the use of GNPs in the radiotherapy 

has been extensively studied experimentally 
and by Monte Carlo simulations. According to 
the reported results, radiation dose delivered 
to tumors increases when GNPs are used during 
various radiotherapy modalities. However, 
the mechanism and possible interaction(s) of 
radiation with GNPs is still a controversial issue. 
To resolve such controversies, several Monte 
Carlo simulations have been carried out. These 
simulations have been applied to nanoparticles 
with various dimensions ranged from 2 up to 100 
nm. In addition, related biological effects have 
been reported in case of 1.9 nm nanoparticles 
[4-9]. However, the direct effect of 1.9 nm gold 
nanoparticles has not been studied on destructing 
cancer cells in these studies.

So far, researches studying the effect of GNPs 
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on increasing the dose delivered to cancer tissues 
have focused mainly on the kilovoltage (KV) and 
orthovoltage teletherapy X-Rays (or brachytherapy 
practices with the same range of energies). An 
energy dependency for the DEF of GNPs [10-12] 
has been reported in several studies. In addition, 
the effect of the size of GNPs in association 
with photon energy on the doses delivered to 
cancer cells have been studied [13-15]. Results 
of the above studies have indicated significant 
enhancement in the doses delivered to cancer 
cells at the KV energies and proposed GNPs as the 
best candidate due to its biocompatibility as well 
as low toxicity. However, not enough investigations 
are performed on the DEF of GNPs at high MV 
energies. At higher MV beams (>2MV), the two 
processes involved in transferring the energy 
from incident photons to tissues are the Compton 
scattering and pair production. These processes 
could produce high energy electrons with different 
probabilities. The Compton scattering is a photon-
atomic electron interaction with a probability 
proportional to the effective atomic number (Zeff), 
whereas the pair production occurs primarily by 
the interaction of photons with the atomic nuclei 
and is proportional to Z2.4 of the irradiated medium 
[16, 17].

The ionization chambers, TLDs and films 
can measure the dose at a point or in two 
dimensions. These dosimeters are not appropriate 
for determining dose distributions in three-
dimensional geometries [18]. But, it is possible 
to measure directly three dimensional dose 
distributions as well as the effects of contrasts 
agents or high Z elements such as iodine and 
GNPs by using suitable polymer gels. Their dose 
enhancement effects could be directly quantified 
as contrast agents which may have uniform 
dispersion within the gel dosimeters [19-20]. 
Physical measurements prepared in earlier studies 
[21, 22] have quantified the dose enhancement 
created by high Z materials such as iodine in 
normoxic polymer gels. In fact, polymer gel 
dosimeters are monomers dispersed in a medium. 
Ionizing radiations exchange these monomers to 
polymers through a distinguished mechanism 
[23]. The polymerization degree is dependent 
on the absorbed dose in gel dosimeters. After 
polymerization, magnetic properties of the 
polymers adjoining protons are changed [24]. 
These changes could be showed by magnetic 
resonance imaging (MRI). The MRI spin-spin 

relaxation rate R2=1/T2 is related to the absorbed 
dose delivered to the gel phantom [25].

One of the advantages of polymer gels is their 
direct measurement due to the effects of contrasts 
agents such as GNPs. Contrast agents and high Z 
materials could have uniform dispersion within 
the gel dosimeter. Therefore, the effects of such 
materials could be directly quantified [26, 27]. 
However, experimental measurements of the dose 
enhancement produced by contrast agents/high Z 
materials with other types of dosimeters (such as 
films and ionization chambers) are complicated.

A novel multi-compartments phantom has 
been developed for radiochromic dosimetry 
[28]. This phantom has been designed to mimic a 
tumor surrounded by normal tissues and loaded 
with GNPs (50 nm in diameter) at a concentration 
of 0.5 mM. The novel dosimeter is referred to as 
the Sensitivity Modulated Advanced Radiation 
Therapy (SMART) dosimeter. Such dosimeters 
have been irradiated with 100 KV and 6 MV X-ray 
energies for which a radiation dose enhancement 
factor of 1.77 and 1.11 have been reported, 
respectively. 

MAGIC-f gel is successfully adopted as 
a dosimeter to quantify the effects of dose 
enhancement by GNPs [26]. It has been concluded 
that this polymer gel could potentially be used 
for the assessment of dosimetric effects of GNPs 
in radiation therapy practices. This gel has also 
been reported as a suitable tool for performing 
dosimetric investigations when nanoparticles are 
used in KV radiation therapy. Recently, normoxic 
type Polyacrylamide gel (nPAG) dosimeters have 
been established for three dimensional dose 
quantification in radiotherapy. Furthermore, 
this gel has been introduced as an appropriate 
dosimeter for the quantification of dose variation 
during the irradiation of the target in which GNPs 
existed [27].

The current study tried to develop a technique 
for measuring the DEF resulted from the use of 
GNPs at 18 MV energy by using the MAGIC-f gel 
+GNPs. Our aim was to determine the feasibility 
of using the MAGIC-f gel + GNPs as a suitable 
dosimeter at high MV radiotherapy practices. 
We tried to determine the DEF in the presence of 
GNPs with an average diameter of 15 nm, when 
irradiated with 18 MV energy of a linac by the 
MAGIC-f dosimetry. Such DEF was also quantified 
by using a Monte Carlo simulation code (Geant4) 
for the same clinical situation.
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MATERIALS AND METHODS
Gold nanoparticles synthesis

Gold nanoparticles were synthesized by 
using sodium citrate reduction method [29]. The 
GNPs were characterized using the dynamic light 
scattering (DLS) and also transmission electronic 
microscopy (TEM) measurements, revealing an 
average diameter of 15 nm (Fig 1 and 2).

Fig 1. A volumetric size distribution obtained by the DLS 
measurements for a colloidal sample of the GNPs

Fig 2.  A high resolution Transmission Electron Microscopy 
image of the synthesized 15 nm GNPs

Gel manufacturing and calibration 
The composition used for manufacturing 

the MAGIC-f gel is presented in Table 1. Such gel 

composition results in an effective atomic number 
of 7.53 and a density of 1.0 g.cm³ making it a tissue 
equivalent material [30, 31].

Table 1. Composition of the fabricated MAGIC-f gel

The final MAGIC-f gel solution was divided 
into 2 batches. An appropriate concentration of 
the synthesized GNPs with the average size of 
15 nm was added to a specified volume of one 
of the batches to make a final gel with a GNPs 
concentration of 0.1 mM (0.0197 mg/ml). The 
GNPs were added to the mixture in a way to have it 
embedded homogeneously in the gel. The second 
batch of the gel (without the GNPs) was used as 
the control. 

The gels were then quickly poured into 
separate falcon tubes. All samples were placed in 
the refrigerator (at about 4°C) for 24 hr.

The fabrication of any gel dosimeter, even with 
the same compositions and conditions, would lead 
to a unique gel due to inevitable variations such as 
thermal conditions and constituent concentration 
occurred during their fabrication. Therefore, 
every gel dosimeter formulation requires to be 
calibrated separately during its preparation. Such 
gel calibration process could affect the accuracy 
of the fabricated dosimeter. Several factors are 
recommended for gel dosimeter calibration [32] 
including i) several tubes, ii) several beams, iii) 
depth doses and iv) self-consistent normalized 
methods.

In this study, the method used for  gel dosimeter 
calibration was based on several gel tubes in which 
several calibration tubes were placed at 10 cm 
depth of a big container filled with distilled water 
to provide a uniform medium around them during 
irradiation. A separate tube was also kept outside 
as the control while other tubes were irradiated 
at known levels of 100, 200, 350, 600, and 900 
cGy doses provided by the Electa linac. To assure 
the accuracy and reproducibility of the dosimeter 
calibration, the above process was repeated 
three times and their relevant mean values were 
calculated and used against the dose levels.
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Fig 3. The arrangement of the MAGIC-f gel tubes prepared to 
be irradiated by a linac 18 MV beam

Fig 4. The calibration curve of the MAGIC-f gel drawn from its 
response to the 18 MeV beams characterized by its R2 MRI 

signals against the relevant radiation dose levels

Irradiation procedures
Gel samples were irradiated to 18 MeV photon 

beams of an Electa linac at a 25×25 cm2 field size 
and a SSD of 100 cm. The gel samples (with or 
without GNPs) were irradiated to different levels 
of radiation up to 600 cGy (Fig 3). The distance 
between the water surface of the phantom and 
the top of the gel samples, along the central axis, 
was 4 cm.

For calibrating the MAGIC-f gel[25-27], the 
calibration falcon tubes containing the gel were 
fixed in a water-filled phantom. The tubes were 
irradiated to various doses ranged from 0 to 
900 cGy. A water equivalent box was positioned 
under the gel tubes to guarantee a constant 
backscattering condition. 

MRI reading
Dose measurements of the gel samples were 

made by relaxometry, which correlates the dose 
with nuclear magnetic transversal relaxation rate 
(R2) [33]. Experiments were carried out by using 
a Siemens 1.5 Tesla MRI scanner 48 h after each 
irradiation procedure. A multi-spin echo sequence 
was used with 16 echoes, 22 ms echo time, 3000 
ms repetition time, and 0.5×0.5 mm2 pixel size. 
The average of the two acquisitions made for each 
sample was taken as its reading.

To ensure that the resulting R2 values were 
not influenced by possible temperature gradients 
in the gels, the gel samples were kept in the MRI 
room for a period of 4 hr prior scanning. Each 
sample was scanned three times to reduce the 
uncertainties due to the noise in the T2 (spin–spin 
relaxation time) measurements. 

The resulting R2 (=1/T2) maps and their data 
processing were performed by using the MATLAB 
software.

Monte Carlo simulations
Computational MC simulations for dose 

calculations were performed by using the Geant4 
code [38]. A water phantom with a dimension 
of 40×40×30 cm3 was simulated to score dose 
distributions. Inside the water phantom, the 
same numbers of cylindrical tubes, as used in 
experimental stage, were defined. Each simulated 
tube had the same diameter of 1.4 cm and height 
of 8 cm as the real ones.

The gold nanospheres with a diameter of 15 
nm were uniformly distributed into a nanoparticle 
region (inside the cylindrical sample) in a grid 
size of 0.001×0.001×0.001 mm3. Each tally, 
having a dimension of 2×2×2 mm3, contained 
8,000,000,000 gold nanospheres. The total 
number of all nanospheres in our MC model was 
1.96×1013 yielding the same concentration of 0.1 
mM for the gold nanospheres solution as that 
of the experimental stage. The used irradiation 
parameters (SSD, field size, prescribed dose, etc.) 
in the MC simulations were exactly the same 
parameters used in the experimental stage. The 
cross sections determined in Geant4 code for the 
18 MeV clinical beams were used for obtaining the 
similar percentage depth dose curves (PDD) by 
the MC simulations as those of the experimental 
measurements. 

The cut-off energy for the photons and 
electrons were set at 0.1 KeV. The number of 
photon histories for each simulation was set at 
4×107 to ensure a statistical uncertainty less than 
1% for all the dose scoring cells.
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Statistical analysis
Their percent mean errors were estimated 

and used as proposed in previous studies to 
compare various dosimetric parameters obtained 
from our experimental measurements with those 
calculated with the MC code [34]. These errors 
were calculated by using the following formula: 
Error (%) =100× (Simulation Data-Experimental 
Data)/Experimental Data

RESULTS 
The determined relevant R2 values of MRI 

images for every tube irradiated to various known 
levels of radiation doses are presented in Table 
2. The R2 values calculated from the MRI images 
of any tube represent the average value of its’ 
relevant ROI (A rectangle with 5 cm length and 1 
cm width) along with their standard deviation (SD) 
values.

Fig 5. The R2 value measured for unirradiated gel with and 
without GNPs

Fig 5 shows the calibration curve of the 
MAGIC-f gel drawn from its response to the linac 
18 MeV photon beams characterized by its R2 MRI 
signals against relevant radiation dose levels. As 
could be seen in the Figure 4, the gel calibration 
curve is almost linear (R2=0.9996) within a range 
of doses from 0 to 900 cGy with a sensitivity about 
1.0858 (s.cGy)-1.

The effects of GNPs on polymerization of the 
unirradiated samples with and without the GNPs 
were evaluated as shown Fig 5.

The lack of variation difference between the 
MAGIC-f gel and MAGIC-f gel+GNPs which is 
less than 1 % indicates that chemical interaction 
between GNPs and gels are negligible.

Comparison of the PDDs (after the build up 
region) derived from the MAGIC-f gel response to 
the 18 MeV photon beams with those calculated 
by the MC simulations is illustrated in Fig 6.

Fig 6. Comparison of the PDDs measured experimentally with 
the MAGIC-f gel with those calculated by the MC simulations 

in the gel phantom

 
 
 
 

Dose (cGy) 
 Test no. MRI 

reading 900 600 350 200 100 0 (control) 

13.14±0.48 9.78±0.34 7.11±0.26 5.41±0.12 4.22±0.17 3.21±0.08 1 
R2(1/S)±SD 

12.79±0.65 9.65±0.32 6.89±0.22 5.33±0.09 3.94±0.11 2.91±0.09 2 

12.92±0.57 9.16±0.43 6.97±0.34 5.01±0.10 4.35±0.15 3.42±0.11 3 

12.95±0.33 9.53±0.21 6.99±0.16 5.25±0.06 4.17±0.08 3.18±0.05 Mean±SD 

 

Table 2. The means and standard deviations of the R2 values of MRI images determined  from the ROI of every tube 
irradiated to various known levels of radiation doses
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Fig 7 shows the measured experimental PDDs 
in the MAGIC-f gel samples with and without  
GNPs. As could be seen from the Fig 7, when  GNPs 
(with a concentration of 0.1 mM) are added to the 
gel dosimeter, the PDDs increased significantly 
after the buildup region in the gel resulting in a 
mean DEF of 1.12±0.08.

Fig 7. Comparison between the PDDs measured 
experimentally in the MAGIC-f alone and GNP_MAGIC-f gels

Fig 8 illustrates the calculated PDDs with the 
MC simulation in the MAGIC-f gel samples with 
and without GNPs. The MC results shown in 
this Fig 8 also indicate that when GNPs (with a 
concentration of 0.1 mM) are considered to be 
present in the gel, the PDDs increased significantly 
leading to a mean DEF of 1.13±0.04.

Fig 8. Comparison between the PDDs calculated with the MC 
simulations in the MAGIC-f alone and GNP_MAGIC-f gels

DISCUSSION
As could be noted more precisely from Fig 8 

and 9, there is a small reduction in the PDDs at 

a depth located nearly at the corresponding 
interface of the water and the MAGIC-f gel + 
GNPs. Thereafter, the DEF follows a slow stable 
increase. This phenomenon could be attributed to 
the interface of the two regions (the gels with or 
without GNPs) which decreased at higher depths 
where new local charge equilibrium is attained 
and the pair production interaction with GNPs 
contributes more in the dose levels.

The mean percentage error derived from the 
comparison of the MAGIC-f and MAGIC-f gel + 
GNPs were 0.75% and 1.46% for the calculated MC 
and measured experimental PDDs, respectively 
(Fig 9).

Fig 9. Comparison of the PDDs derived from the calculated MC 
simulations and experimental measurements in the MAGIC-f 

gel with and without the GNPs

The DEFs were derived by dividing the doses 
in the MAGIC-f gel + GNPs to that of the MAGIC-f 
gel alone derived from either the relevant 
experimental measurements or MC calculations. 
The measured doses in the gels are related to the 
dose indicator factor ‘‘T2’’ taken from the MRI 
images. The resulting observed DEFs in this study 
could be attributed to the inclusion of GNPs into 
the polymer gels as their chemical properties 
should have been affected eventually and resulted 
in the enhancement of the absorbed doses. 

Our results indicated a significant dose 
enhancement effect resulted from the use of linac 
higher photon beams (18 MeV) in the presence 
of 15 nm GNPs in the MAGIC-f gel dosimeter. The 
DEFs observed in the presence of high Z materials 
such as GNPs, as noted in this study, is believed to 
cause predominant enhancement in the likelihood 
of the pair production interaction [16-17] resulted 
from increasing probability of the cross section of 
this interaction in the presence of GNPs at higher 
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18 MeV linac energies.

CONCLUSION
The purpose of this study was to develop a 

technique to measure the DEFs generated by GNPs 
at higher radiotherapy energies (18 MeV) by using 
the MAGIC-f gel providing 3D dosimetry. Although 
previous experimental and MC studies have also 
confirmed significant DEFs due to adding GNPs to 
various media [35-37], including the MAGIC-f and 
other gel dosimeters [26-27], the focus of such 
studies has mainly been on the KeV energies.

In this work, the fabricated gels were exposed 
to much higher linac photon energies (18 MeV). 
In a previous study [17], a DEF of 7% has been 
reported due to the use of 1.9 nm GNPs when 
exposed to 6 MeV linac energy only based on 
the MC dosimetry method and without any 
experimental measurements validating such 
results. The difference between our estimated DEF 
and the above study could be attributed to the 
different sizes of the GNPs as well as much higher 
18 MeV energies, we used.

The main finding of this study was to prove 
that even at higher 18 MeV energies, a significant 
DEF (about 12%) can be obtained when 15 nm 
GNPs are used within a tissue equivalent material 
(the MAGIC-f gel dosimeter). Our simulated MC 
calculations also proved this fact by indicating 
roughly the same amount of DEF (about 13%) due 
to the presence of GNPs when exposed to 18 MeV 
linac energy. 

Quantification of the dose enhancement due 
to GNPs using the polymer gels was successfully 
achieved in this research. However, it must be 
noted that previous studies have shown that the 
size and shape of the nanoparticles could influence 
their intracellular and intratumoral uptake that 
possibly affects the dose enhancement at KeV 
energies [13]. 

Hence, further in vivo investigations are 
required to examine the findings of this study 
obtained in the MAIC-f gel media at higher MeV 
energies.
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